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Transmuting a helices and b sheets
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Protein architecture involves two main secondary
structural classes: a helices and b sheets. Some natural
proteins alter their fold in response to changes in
solution conditions or as a consequence of mutation.
Here, we discuss recent attempts to induce such
conformational changes by design: specifically, the
motivation and success of efforts to change one protein
fold into a different one in response to the ‘Paracelsus
Challenge’. The results of such efforts may provide a
better understanding of the processes that underlie
conformational plasticity in proteins.
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Introduction
Each amino acid has a different propensity to adopt an a -
helical or b -sheet conformation. Such propensities were
originally identified through statistical surveys of proteins
of known structure and more recently have been quanti-
fied via experimentally determined energy scales [1–4]. In
a folded protein, in addition to intrinsic propensities,
interactions such as helix capping and i–i+4 sidechain
interactions in an a helix and cross-strand sidechain inter-
actions in a b sheet are also important. Salt bridges, burial
of hydrophobic surface area and van der Waals’ interac-
tions provide the final energetic contribution to protein
stability [5].
An early indication that manipulating the balance of local
and long-range interactions could alter a protein’s confor-
mation came from a database search carried out by Kabsch
and Sander [6]. They observed that identical pentapep-
tide sequences could be found in either an a -helical or a
b -sheet conformation. This work was later extended to
hexapeptides and longer sequences by Cohen and col-
leagues [7]. More recently, Minor and Kim demonstrated
experimentally [8] that an 11 amino acid sequence could
adopt either an a -helical or b -sheet conformation, depend-
ing on its placement within a small protein. In so-called
‘switch peptides’, the dual nature of certain sequences is
manifest upon changing solvent conditions. For example,
certain monomeric a -helical peptides can be induced to
associate in a b conformation by changing the pH of the
solution [9]. Dramatic structural changes have also been
observed during the folding of b -lactoglobulin. Goto and
colleagues have proposed [10] that this predominantly b -
sheet protein folds via a non-native a -helical intermediate.
Finally, an a -to-b conformational switch in EF-Tu occurs
upon conversion of the GTP complex to the GDP
complex. It has been speculated that such a conforma-
tional switch may represent a more general mechanism for
protein activation [11]. Together, the results of these
studies hinted that if long-range interactions are suffi-
ciently energetically favorable, it may be possible to
design a protein that assumes a secondary structure that is
different from that expected based solely on the intrinsic
propensities of its amino acids.
The Paracelsus Challenge
In a 1994 paper [12], Creamer and Rose addressed these
issues and asked what is the minimum number of amino
acids required to specify a fold. To focus the attention of
the protein folding and design community, they issued the
‘Paracelsus Challenge’, offering a prize of $1000 to the first
group to successfully convert one protein fold into another
while retaining at least 50% sequence identity to the origi-
nal fold (this challenge was named after Paracelsus, the
16th century Swiss alchemist credited with being the
father of pharmaceutical chemistry and modern medicine).
Three groups have published reports in response to this
challenge detailing designs named Paracelsin-43 [13],
Crotein-G [14] and Janus [15]. All three groups attempted
to change one natural protein fold into another natural
protein fold. Specifying a natural protein target is a more
stringent constraint than required by the challenge, but it
permits straightforward structural characterizations to
assess the success of the transformation. All three groups
attempted the change between different secondary struc-
tures, a helix to b sheet or b sheet to a helix, rather than,
say, an a /b TIM barrel to an a /b jelly-roll, following the
rationale that a dramatic change in secondary structure is
relatively easy to detect by circular dichroism (CD) and
nuclear magnetic resonance (NMR). By contrast, changing
folds while retaining similar secondary structure content
would require a more complete structural determination to
verify the transmutation. 
The designs were all performed using small protein targets,
around 50 amino acids, to increase the ease of manipulation
and characterization. Although the specifics of each design
are different, one common aspect is the implicit or explicit
introduction of the hydrophobic/hydrophilic patterning of
the target protein [16–18]. The pairs of proteins chosen for
the interconversions are shown in Figures 1–3. The
residues identical in the target and in the design are shown
in blue; residues of the parent that are retained in the
design are shown in red. Comparison at this level highlights
significant differences in the distribution of amino acids
introduced in the three designs. Paracelsin-43 incorporates
very little of the target sequence and the parent residues
are scattered throughout the protein. Crotein-G retains the
maximum allowed fraction of the target sequence and
many of these residues are clustered in b -strands two and
four. Janus also retains a high fraction of the target
sequence, in this case scattered throughout the design,
together with a number of residues that are present in
neither the parent nor the target structure.
Paracelsin-43
Jones and colleagues published the first response to the
Paracelsus Challenge, in which they discussed the use of
an ‘inverse folding algorithm’ to guide their design
[13,19]. This algorithm was written with the more general
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Figure 1
Ribbon representations [48] of the folds of
the (a) parent and (b) target proteins used for
the design of Paracelsin-43; parent = BDS-1,
target = B domain of Protein A. The residues
that are retained from the parent in the
designed protein are highlighted in red, the
residues incorporated from the target protein
are highlighted in blue. (c) The sequences of
the parent, target and design proteins. The
coloring of designed protein sequences is as
follows: residues identical to the parent are
shown in red, residues identical to the target
are shown in blue, residues that are derived
from neither the parent nor the target are
shown in black, and residues that are identical
in both the parent and target are shown in
green. The percent identities between the
parent, designed protein and target are
indicated.AAPCFCSGKPGRGDLWILRGTCPGGYGYTSNCYKWPNICCYPH
AAPDFQSLKQQFGDLQILRNEQFEEYGETLNNYKEPNISLNPH
FNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAE
7.0%
53.5%
16.3%
(a)
(c)
(b)
Figure 2
Ribbon representations [48] of the folds of
the (a) parent and (b) target proteins used for
the design of Crotein-G; parent = 434 Cro,
target = B1 domain. The residues that are
retained from the parent in the designed
protein are highlighted in red, the residues
incorporated from the target protein are
highlighted in blue. (c) The sequences of the
parent, target and design proteins. See
Figure 1 legend for further details.
LSERLKKRRIALKMTQTELATKAGVKQQSIQLIEAGVTKRPRFLFEIAMALNCDPV
LSYRLILRGIALKGETTTEATKAAVAQQSFQLYAAGNGVRGRWTFEDATKTFTVTV
MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
12.5%
50.0%
62.5%
(a)
(c)
(b)
aim of determining sequence-to-structure compatibility.
The basis of the evaluation is a set of pairwise potentials
obtained from a statistical analysis of a set of high-resolu-
tion protein crystal structures. To use this algorithm for
the Paracelsus Challenge, an additional term was included
to specify the 50% identity requirement between the
designed sequence and its parent. Because the experi-
mental plan was to use peptide synthesis to make the
protein, Jones and colleagues set 45 amino acids as the
maximum size limit and searched the PDB for pairs of
chains containing a single type of secondary structure.
Only one such pair of suitable length was found: the anti-
hypertensive and anti-viral protein BDS-1 from Anemonia
sulcata, a 43-residue all-b protein with three disulfide
bridges [20] (designated the parent), and the B domain of
Protein A, a three-helix bundle protein [21,22] (desig-
nated the target). After running the design program 10
times, the best sequence was chosen and a simple model
constructed which suggested that the new sidechains
could be accommodated without steric clashes. The
design was named Paracelsin-43 and had a 16.3% identity
with the target sequence and 53.5% identity with the
parent (Figure 1).
The peptide was synthesized using solid phase methods
and its structural properties characterized. Both CD and
NMR experiments show that the peptide is largely
unfolded in water, with a maximum helicity of about 11%
near the isoelectric point (pH 4.3; Figure 4a). The helicity
could be significantly increased, however, by lowering the
temperature to –70°C in the presence of methanol or eth-
ylene glycol (Figure 4b). Nevertheless, characterization by
NMR revealed broad linewidths and no nuclear Over-
hauser enhancement spectroscopy (NOESY) crosspeaks,
suggesting the lack of a compact structure and exchange
between folded and unfolded states. The oligomeric state
of Paracelsin-43 was not reported. The parent fold has
clearly been destroyed in Paracelsin-43: as the authors
point out, this is probably a consequence of removing
three disulfide bonds from such a small protein, combined
with changing the hydrophobic/hydrophilic patterning
from that of a b sheet to that of an a helix. The designed
protein shows some helical tendency, but does not adopt
the desired compact fold in aqueous solution at room tem-
perature. It would be of interest to characterize further
redesigns of Paracelsin-43. An attractive redesign to try
would be to increase the length of the protein. The B
domain target is actually 58 amino acids long, and in
designing the shorter Paracelsin-43 the third helix is trun-
cated and expected to be in an extended conformation.
The presence of this additional helix could have a consid-
erable stabilizing effect on the protein. Although such a
design would not be within the constraints of the chal-
lenge, it would be informative if this longer version of
Paracelsin-43 could adopt the desired fold. The design for
Paracelsin-43 was very stringent and the sequence is only
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Figure 3
Ribbon representations [48] of the folds of
the (a) parent and (b) target proteins used for
the design of Janus; parent = B1 domain,
target = Rop. The residues that are retained
from the parent in the designed protein are
highlighted in red, the residues incorporated
from the target protein are highlighted in blue.
(c) The sequences of the parent, target and
design proteins. See Figure 1 legend for
further details.
MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
MTKKAILALNTAKFLRTQAAVLAAKLEKLGAQEANDNAVDLEDTADDLYKTLLVLA
GTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADICESLHDHADELYRSCLARF
5.4%
50.0%
41.0%
(a)
(c)
(b)
16.3% identical to that of the target protein. It would still
be within the aims of the Paracelsus Challenge to explic-
itly include more of the target residues in the redesign
algorithm: both the Yuan and Clarke [14] and Dalal et al.
[15] designs that are discussed below strove to retain the
maximum allowed identity with the target. This feature of
the designs may have played a role in obtaining the
desired fold.
Crotein-G
Yuan and Clarke [14] chose to interconvert two small well-
characterized proteins: the helical 434 Cro [23] and the
predominantly b -sheet B1 domain [24] of streptococcal
IgG-binding protein G (hereafter referred to as the B1
domain). The B1 domain is an attractive target because it
has a high Tm of 87.5°C and a D G of folding at 37°C of
–6 kcal mol–1 [25]. In addition, it is able to tolerate highly
destabilizing mutations. For example, introduction of Gly
at position 53 in a variant of the B1 domain reduces the
melting temperature of the protein to 46°C, yet CD and
activity measurements indicate that the overall secondary
structure and fold of the protein is retained [3,4].
Because 434 Cro and the B1 domain are not of equal
length (434 Cro is 65 amino acids and the B1 domain is 56
amino acids), Yuan and Clarke first chose the ungapped
alignment that gave the greatest number of sequence
identities between the two proteins. With a starting iden-
tity of 7 amino acids gained in this fashion, they pro-
ceeded to introduce 28 additional changes in 434 Cro, the
maximum allowed by the rules of the challenge. Believing
that the polar/nonpolar patterning is an important feature
in specifying a fold, they introduced 11 changes to gener-
ate the hydrophobic core of the B1 domain and removed 8
residues corresponding to the 434 Cro core. The remain-
ing nine changes were guided by intuition, based on what
the authors describe as ‘guesses’ regarding the contribu-
tion of each residue to the stability of the fold, with con-
sideration of factors such as the backbone dihedral angles
of Gly and Pro residues and sidechain–sidechain interac-
tions. The final design was named Crotein-G (Figure 2).
Crotein-G was expressed in Escherichia coli as a fusion
protein and cleaved prior to characterization of its solution
properties. It appears to assume some characteristics of its
target fold. CD spectra indicate that Crotein-G is certainly
no longer helical, and at low protein concentrations, in the
presence of 20% TFE, it has a spectrum very similar to
that of previously characterized metal-binding variants of
the B1 domain (Figure 5). The main problem encountered
was that as the protein concentration increased, the b -
sheet CD signal decreased and visible precipitation
occurred. It therefore appears that although Crotein-G
successfully adopts a b -sheet conformation, higher level
association also occurs. The aggregate is very resistant to
denaturation: no change in the CD signal is observed up
to 80°C, even in the presence of 3 M GuHCl.
Following these initial observations, Yuan and Clarke
proceeded to include a designed Zn(II)-binding site in an
attempt to stabilize the desired fold. They incorporated
this additional feature into the design because metal
binding can provide a large contribution to the free
energy of folding of a protein: zinc finger peptides, for
example, are unstructured in the absence of metal, yet
fold completely when metal is added [26]. Moreover, in
an earlier study, tetrahedrally coordinated Zn(II)-binding
sites were successfully introduced into the B1 domain
[27]. One such variant is unfolded in the absence of
metal, but adopts a folded conformation in its presence. It
therefore seemed reasonable that introducing this
designed metal site into Crotein-G, to create ZCrotein-G,
might induce the correct stable fold when metal was
added. However, there was no effect on the CD signal
R74 Folding & Design Vol 2 No 5
Figure 4
CD spectra of Paracelsin-43 (a) in water at 2°C and pH 3, 4.5, 6.5, 8,
and 9.5 and (b) in water/methanol in 20 mM phosphate buffer, pH 6 at
–42°C, –23°C, –10°C, –1°C, +10°C, and +17°C. Reproduced with
permission from [13].
upon addition of metal. A possible explanation for the
lack of metal binding is that the structure of ZCrotein-G
is too dissimilar to that of the B1 domain for the metal-
binding site to form. Alternatively, ZCrotein-G may well
fold to a structure that is very similar to that of the B1
domain, but the potential metal-binding site could be
blocked by local steric hindrance.
What different features might be incorporated in further
redesigns of Crotein-G? Yuan and Clarke suggest the
inclusion of more charged and polar surface residues, to
increase solubility, and the retention of Asp22, an N-ter-
minal helix-capping residue whose mutation in the wild-
type B1 domain is significantly destabilizing (P Kim,
personal communication). For both Paracelsin-43 and
Crotein-G, minor design changes may be the only itera-
tions required to favor the desired fold over alternative
associations.
Janus
Our design, which involved the interconversion of the pre-
dominantly b -sheet B1 domain and a homodimeric four-
helix bundle protein, Rop [28,29], was the first to meet
the requirements of the Paracelsus Challenge (Figure 3).
The B1 domain and Rop are both small proteins which are
structurally and thermodynamically well characterized.
We attempted the transformation from the B1 domain to
Rop because a -helix formation and helix–helix interac-
tions remain better understood than b -sheet formation,
despite recent advances [30,31].
The B1 domain is 56 amino acids long and each monomer
of Rop is 63 amino acids long. The a -helical portion of
Rop, however, is confined to the first 56 amino acids, fol-
lowed by an unstructured 7 amino acid tail [28,29]. Differ-
ent linear alignments of the B1 domain and Rop
sequences yielded no significant improvement in matches
over simply aligning the proteins at their N termini with
Rop’s tail as a C-terminal overhang. With the sequences
aligned in this fashion, we made changes in the sequence
of the B1 domain to transform it into a helical protein. The
rationale was to identify and incorporate the subset of
residues that are the key determinants of the fold, consid-
ering both local and long-range interactions.
Ala and Leu residues were incorporated at the appropriate
‘a’ and ‘d’ positions of a heptad repeat to form the
hydrophobic core of the protein [32]. Ala and Leu were
chosen in preference to the natural Rop core residues for
two reasons. First, Ala and Leu have very high a -helix-
forming propensities. Second, in earlier redesigns of Rop,
an Ala–Leu core had been demonstrated to generate more
thermally stable proteins while retaining native-like prop-
erties [32]. In earlier studies it had also been determined
that substitutions at position 30, the first residue in the
turn between the helices, could have quite significant sta-
bilizing effects. The most stable variant is Asp30fi Gly,
hence Gly was incorporated at position 30 in the Janus
design [33]. An intra-monomer salt bridge located
between Arg16 and Asp46 in Rop was also introduced.
Because the surface charge distribution of Rop is dis-
tinctly partitioned, with the helix 1/1¢ face mainly neutral
or positively charged and the helix 2/2¢ face with an overall
negative charge [34], the design for Janus aimed to repro-
duce this distribution. Overall, Janus has just two fewer
negatively charged residues and one fewer positively
charged residue than Rop.
To facilitate structural characterizations, a single tyrosine
residue was introduced into the Janus sequence at posi-
tion 49. In wild-type Rop, Tyr49 is buried between
helices 1 and 2 within a monomer and provides a diagnos-
tic spectroscopic probe of the folded state. As far as possi-
ble, we retained residues in the B1 domain with high
a -helix-forming propensities and removed a number of
residues with high b -sheet-forming propensities [3,4,35].
Finally, Rop’s unstructured 7 amino acid C-terminal tail
was added to the Janus design, since earlier work had
shown that Rop was more soluble in the presence of the
tail than in its absence [36].
At several stages of the design, models were built using
the backbone coordinates of wild-type Rop and introduc-
ing the sidechains for Janus. As design continued, models
were assessed both visually and by energy minimization
calculations to ensure that with successive changes there
were no obvious steric clashes and that the core was well
packed. A secondary structure prediction algorithm [37]
was also used to monitor the progress of the design, and
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Figure 5
CD spectra of 2.6 mM ZCrotein-G (x symbol) in 20% TFE (v/v),
20 mM sodium phosphate pH 7.5, apo Zb 1 (dashed line), the metal-
binding variant of the B1 domain that contains the metal-binding
residues that were incorporated in ZCrotein-G, and 434 Cro
(solid line).
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some of the changes that were predicted to increase
helical content were incorporated.
Janus was expressed in E. coli to high levels. Characteriza-
tion by CD showed that the structure of Janus was clearly
different from the parent B1 domain and closely resem-
bled that of the helical target protein, Rop (Figure 6).
Further characterizations strengthened this initial observa-
tion. The 1H NMR spectrum of Janus shows good disper-
sion and lacks resonances between 5.0 and 6.0 ppm that
are characteristic of Ca –H resonances in b sheets, and
pulsed-field gradient NMR [38,39] measurements of the
translational diffusion constant confirmed that Janus asso-
ciates as a dimer.
In Rop, the fluorescence intensity of Tyr49 in the folded
protein is enhanced relative to its fluorescence in the
denatured protein. Both Janus and Rop show this effect,
demonstrating that in the folded state this residue is
excluded from the solvent in both proteins. Total correla-
tion spectroscopy (TOCSY) spectra of the ring protons of
Tyr49 in Rop provide a distinct fingerprint: two cross-
peaks are observed, indicating that the d and d¢ and the e
and e¢ ring protons are non-equivalent, either because
rapid ring-flipping around the Cb –C g bond is restricted in
the folded protein or as a consequence of local conforma-
tional asymmetry. This same fingerprint is seen for Tyr49
in Janus. Together with the fluorescence data, this sug-
gests that the local environment around Tyr49 is similar in
the two proteins.
A final concern was to verify that Janus is a ‘native-like’
protein. Previous design attempts have shown that it is
relatively easy to design or select for sequences that adopt
a four-helix bundle conformation, but they show signifi-
cant non-native properties [18,40,41]. A typical feature of
these non-native designs is the absence of a cooperative
thermal denaturation transition, which has been associated
with a poorly packed hydrophobic core [32,42]. Janus was
shown to have a cooperative and reversible thermal denat-
uration transition with an associated enthalpy of 52.4
(±1.5) kcal mol–1 and an estimated free energy (D G) of sta-
bilization at 25°C of –5.8 (±0.2) kcal mol–1 (Figure 6).
Together, these results demonstrate that the predomi-
nantly b -sheet parent fold has been converted to an a -
helical fold, while retaining 50% of the B1 sequence.
Work is now in progress to determine the minimum
number of residues necessary to specify a Rop-like fold:
how many more B1 residues can be included? To date, a
variant of Janus that is 61% identical to the B1 sequence
still adopts a helical conformation, albeit one that is less
stable than Janus. Perhaps a stage in the design will be
reached where the protein can adopt either the b -sheet or
a -helical fold, depending only upon solution conditions or
ligand binding.
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Figure 6
CD spectra of (a) the B1 domain, (b) Rop, and (c) Janus at 25°C. The
concentration of the B1 domain was ~50 m M, of Rop was ~20 m M,
and of Janus was ~30 m M. The solution conditions for the B1 domain
were 10 mM sodium acetate buffer, pH 5.2, and for Janus were
10 mM sodium acetate buffer, pH 5.0, 100 mM NaCl. The Rop
spectrum was obtained in 10 mM sodium phosphate buffer, pH 7,
100 mM NaCl. The inset to (c) shows the thermal denaturation of
Janus, monitored at 222 nm.
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Analysis
With three different attempts at the Paracelsus Challenge,
it is of interest to compare them using different
sequence/structure analysis methods to provide information
about the designs and the analysis methods themselves.
Secondary structure prediction
We used both the GOR and PHD secondary structure pre-
diction algorithms on each of the designed sequences,
with fairly similar results. The GOR prediction method [37]
is based on statistics, whereas PHD [43,44] uses a predic-
tion algorithm derived from a system of neural networks
trained on a particular set of proteins. Figure 7 shows the
sequence of each designed protein with the desired sec-
ondary structure above and the predicted secondary struc-
tures by the two different methods below. Paracelsin-43 is
the least well predicted, with most of the residues pre-
dicted as coil, rather than the desired helix. By contrast,
Crotein-G is predicted quite well. The a helix is pre-
dicted, though offset from the target position by four
residues. The first strand of the b sheet is predicted cor-
rectly, as are part of the third and fourth strands, but the
second strand, which is actually identical in sequence to
that of the B1 domain, is predicted to be coil. Janus is cor-
rectly predicted to be helical, by both methods, with only
two small gaps. This was expected because we had used
the GOR algorithm to assess the design before finalizing
the sequence to be used. These results illustrate that both
the Crotein-G and Janus designs incorporate significant
contributions from local interactions, in addition to long-
range stabilization. By contrast, the Paracelsin-43 design
relies much more heavily on long-range interactions.
Threading
Do these designs fool prediction algorithms? Not really. If
two natural proteins are 30% or more identical, then one
can be confident that they share the same fold. If we do a
straight homology search [45], Crotein-G and Janus are
both predicted to be most homologous to the B1 domain
(50%), which would give one correct and one incorrect
fold prediction; Paracelsin-43 is most homologous to BDS-
1 (53.5%), again an incorrect fold prediction. However,
because these are designed proteins that have not felt the
weight of evolutionary pressure, a straight homology
search is not the the most appropriate method for struc-
ture prediction. We therefore used a threading algorithm
for further analysis.
The threading algorithm TOPITS (threading one-dimen-
sional predictions into three-dimensional structure) [46]
aligns the secondary structures and residue accessibilities
predicted by PHD with those observed in proteins of known
three-dimensional structure. Paracelsin-43 is not predicted
by TOPITS to have the designed helical fold of the B
domain of Protein A, but rather is best matched to the
parent, the b -sheet BDS-1, albeit with a low confidence
level (Z = 1.87 — a rough interpretation of the Z-value is
that if Z is greater than 3.5, the first hit will be correct in
60% of the cases, if Z is between 3 and 3.5, the first hit will
be correct in 50% of the cases, and if Z is between 0 and 3,
the first hit will be correct in 33% of the cases). Jones and
colleagues noted this result in their original paper [13] and
pointed out that it could reflect a bias, because BDS-1 was
part of the original training set for the PHD algorithm. It
would be useful to retest the Paracelsin-43 sequence with a
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Figure 7
The sequences of the designed proteins with
the secondary structure predictions.
(a) Paracelsin-43, (b) Crotein-G, and
(c) Janus. The top line shows a ribbon
representation of the target secondary
structure, the second line shows the
sequence of the protein, the third line shows
the prediction using the GOR algorithm, and
the fourth line shows the prediction using the
PHD algorithm. The symbols used are as
follows: H, helix; S, sheet; T, turn; and C, coil.
AAPDFQSLKQQFGDLQILRNEQFEEYGETLNNYKEPNISLNPH
HHHHHHHCTTTTTSCCCCCCCCCCHHHHHCTTTCCTTSCCCCT
CCCCCCCCCCCCC  HHH   C   C  CCCCCCCCC SSCCC
LSYRLILRGIALKGETTTEATKAAVAQQSFQLYAAGNGVRGRWTFEDATKTFTVTV
SSSSSSSSSSCCCCCHHHHHHHHHHHHHSSSSSCCTCCCCCTSCCHTCTCHHSSSS
CSSSS   CC  CCCC HHHHHHHHHHHHHHHHH CCCCCCSSSSS CC SSSSSC
MTKKAILALNTAKFLRTQAAVLAAKLEKLGAQEANDNAVDLEDTADDLYKTLLVLA
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHSHH
C HHHHHHH HHHHHHHHHHHHHHHHHHHHHHHHHHH  HHHHHHHHHHHHHHH C
(a) Paracelsin-43
(b) Crotein-G
(c) Janus
Coil
a -helix b -sheet
differently trained threading program. By contrast,
Crotein-G and Janus are correctly predicted to match the
folds of Protein G (Z = 4.21) and Rop (Z = 2.6), respec-
tively. The successful matching of the Crotein-G and
Janus designs emphasizes the fact that both of these
designs incorporate a hydrophobic patterning that is more
compatible with the desired fold than with any other.
Discussion
Although these designs were attempted in response to a
specifically set challenge, they have wider implications for
our understanding of protein structure and function. They
illustrate dramatically that not all amino acids play an
equal role in specifying a fold. If, in general, we can iden-
tify the subset of amino acids that are key, not only can we
design novel proteins but we will also be much more suc-
cessful in predicting a structure from its sequence.
These studies also illustrate how the balance of forces that
stabilize a protein can be manipulated to induce changes
in conformation. In addition to the examples cited in the
Introduction, there are ever-increasing numbers of
amyloid and prion-based diseases that are associated with
dramatic changes in protein conformation [47]. In these
cases, the disease state often involves the intermolecular
association of the protein in a conformation that is differ-
ent from that of the native fold. The energetic contribu-
tion derived from the association is sufficient to drive the
interconversion, the mechanisms of which are only just
beginning to be elucidated.
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